A novel three-dimensional (3D) printed 2 × 2 multi-beam magneto-electric (ME) dipole antenna subarray with a metallic configuration is investigated in the Ka-band. A modified topology of the beamforming network consisting of four air-filled 3-dB couplers is proposed, whose miniaturized size in the horizontal plane is equal to the radiating aperture of the subarray. By combining the beamforming network with the 3D printed waveguide-fed ME-dipoles, the two-dimensional multi-beam subarray is designed, printed and tested. A wide impedance bandwidth of 20%, four stable tilted radiation beams with almost identical radiation patterns in the two orthogonal planes, high radiation efficiency of 87% and high gain performance are achieved successfully. The millimeter-wave subarray-level beam-scanning array with a large size can be implemented based on the presented design. With the compact geometry fabricated in a whole piece and the good operating characteristics, this work is valuable to the emerging millimeter-wave multiple-input multiple-output (MIMO) applications.
I. INTRODUCTION
Multi-beam antenna arrays are of significance to the emerging millimeter-wave mobile communications [1] . Relevant investigations revealed that the hardware cost and the power consumption were unaffordable for a millimeter-wave fully digital beamforming antenna array with a large size, as each antenna element of the array had to be connected with a radio frequency (RF) chain [2] , [3] . The hybrid analog and digital beamforming is a promising method to decrease the number of the required RF chains by using passive or active analog beamforming networks [4] , [5] .
Benefitted from the low fabrication costs and low power consumption, the passive multi-beam antennas operating at millimeter-wave frequencies have received increasing The associate editor coordinating the review of this manuscript and approving it for publication was Yasar Amin . attention in recent years [6] - [11] . With the use of different types of beamforming structures, involving the Butler matrix [6] - [8] , Rotman lens [9] , and planar parabolic reflector [10] , [11] , the one or two dimensional multibeam radiation has been implemented. However, the beamforming networks usually had a size much larger than the radiating aperture, which occupied a large space and also restricted the realization of the multi-beam antenna array with a larger size [12] , [13] . Recently, several modified beam-forming methods based on the multi-layered substrateintegrated geometries have been investigated to increase the array size and to enhance the achievable number of radiation beams [14] , [15] . Unfortunately, due to the existence of the dielectric loss, the insertion loss of the substrate-integrated beamforming networks increased significantly with the size of the array. As a results, the reported multi-beam arrays suffered from a low radiation efficiency. In addition, the beamforming network with a size not larger than the radiating aperture was still not easy to fulfill, especially for the array with the two-dimensional multi-beam radiation.
Different from the conventional fabrication techniques realizing the configurations integrated in planar substrates, the metallic three dimensional (3D) printing technology provides a new means to fabricate the complex 3D structures in a whole piece. However, the printing accuracy and surface roughness are two main concerns that may affect the performance of antennas. In order to verify the feasibility of the use of 3D printing method for antenna designs, a series of the 3D printed antenna elements and arrays have been studied in [16] - [20] . Satisfying bandwidth and high gain features have been achieved at microwave and millimeterwave frequencies. Nevertheless, up to now, the 3D printed millimeter-wave multi-beam antenna array has still been seldom addressed in the literature.
Based on the commercial direct metal laser sintering (DMLS) technology, a novel passive beamforming network with a compact geometry is proposed in this paper. The design composed of air-filled rectangular waveguides has lower loss properties in comparison with the reported counterparts with substrate-integrated configurations. By combining the beamforming network with the 3D printed magneto-electric (ME) dipole elements with the wide bandwidth and stable radiation features [21] , a 2 × 2 subarray with two-dimensional multi-beam radiation is investigated in the Ka-band. A wide operating band, high radiation efficiency and stable radiation characteristics are obtained. Taking the advantage of the horizontal size of the beamforming network equal to the radiating aperture, the presented ME-dipole subarray can be employed to build the subarray-level multi-beam antenna array with a larger size conveniently, which is valuable to the millimeterwave multiple-input multiple-output (MIMO) applications.
The paper is organized as follows. The presented subarray geometry is described in Section II. The design of the subarray is investigated in detail in Section III. Section IV discusses the measured results and a brief summary is eventually presented in Section V. Fig. 1 presents the overall geometry of the two-dimensional multi-beam ME-dipole antenna subarray. Four waveguidefed ME-dipoles with the metallic configuration are arranged on the top surface of the sub-array. The feed waveguides of the radiating elements are bended to connect with the output ports of the beamforming network beneath array aperture. As illustrated in Fig. 2 , the beamforming network consisting of air-filled waveguides has a meander topology, whose detailed structure will be studied in Section III-A. For the purpose of measurement, four tapered waveguide sections are introduced to link the input ports of the beamforming network with the standard WR-28 waveguides with flanges, separately. It is noted that the extended parts are not necessary for practical applications as various reported transitions between the air-filled waveguide and the substrate-integrated transmission lines can be used directly for integrating the subarrays with the circuits.
II. SUBARRAY GEOMETRY

III. SUBARRAY DESIGN A. BEAMFORMING NETWORK
The beamforming network of two-dimensional multi-beam arrays is constructed by two sets of the sub-beamformers orthogonal to each other [22] . A combination of discrete planar sub-beamformers accompanied with connectors and cables is a widely used scheme at microwave frequencies.
On the other hand, at millimeter-wave frequencies, the overall beamforming network with a planar substrate-integrated geometry is preferred in order to prevent the significant insertion loss introduced by the connectors and cables. Several planar topologies have been reported by employing additional transmission lines as connections, but the overall size of these designs were unavoidably larger than the array aperture [12] - [15] . A miniaturized design of the beamforming network has also been studied in [23] , which suffered from a narrow bandwidth of 7.5%.
A modified topology of the beamforming network for the 2 × 2 two-dimensional multi-beam subarray is proposed as illustrated in Fig. 2 , which is composed of four 3-dB couplers. By employing the metallic 3D printing technique, the presented topology has two advantages. First, it can mit- igate the restriction existing in the previous multi-layered planar geometry, and thus preventing the usage of additional waveguide connections with a long length and maintaining a compact size in the horizontal plane. Second, the two sets of couplers are arranged at the same height, which shortens the size of the beamforming network in z direction in comparison with the traditional topology in [22] .
Based on the above topology, an air-filled waveguide beamforming network is designed as illustrated in Fig. 3 . Clearly, the entire beamforming network is implemented in a compact cube space. For the purpose of further miniaturizing the size in y direction, two different types of 3-dB couplers, i.e. the E-and H-plane air-filled waveguide couplers, are adopted. Furthermore, as shown in Fig. 3 (b) , the two sets of couplers can be linked with each other conveniently by using the 90 • bended waveguides that almost do not increase the height of the beamforming network. Ports 5 to 8 of the beamforming network feed the antenna elements, while ports 1 to 4 are connected with the tapered waveguides in Fig. 1 . It is noted that the space between the neighboring waveguides is set to about 1 mm to guarantee a robust structure during the 3D printing process.
The geometries of the E-and H-plane 3-dB couplers with detailed dimensions are presented in Fig. 4 . The final values of the dimensions are listed in Table 1 . This work is designed with the assistance of a full-wave electromagnetic simulator Ansys HFSS [24] . As shown in Fig. 5 , within the operating band between 32 and 40 GHz, the reflection coefficients and isolations of the two kinds of couplers are almost less than −20 dB. Fig. 6 provides the simulated S-parameters of the designed beamforming network. Due to its symmetry geometry, only the results of Port 1 are given for simplicity. The simulated impedance bandwidth for |S 11 | of less than −15 dB is 22.2% (from 32 to 40 GHz). The mutual coupling between Port 1 and the other three input ports is almost less than −20 dB over the operating band between 32 and 40 GHz. Moreover, the magnitude difference between the four output ports is less than 0.8 dB over the whole operating band. As shown in Fig. 7 , the phase differences between Port 5 and output ports 6 to 8 are around 270 • , 90 • and 0 • respectively, which agree well with the predicted values [13] . The phase variation throughout the operating band between 32 and 40 GHz is less than ± 7 • , which is promising for the use in the wideband array.
B. TWO-DIMENSIONAL MULTI-BEAM ME-DIPOLE SUBARRAY
The 2 × 2 ME-dipole antenna array with a metallic configuration is presented in Fig. 8 . The ME-dipole element consists of four planar metallic patches operating as a pair of electric dipoles and four L-shaped vertical walls connecting with the ground plane. The combination of the vertical walls and the ground plane constructs a quarter-wavelength patch antenna whose radiating aperture can be seen as an equivalent magnetic dipole. The open-ended waveguide located in the middle of the antenna works as the feed structure. Four tapered waveguide connections are added to combine the antenna elements with the beamforming network. The dimensions of the array are listed in Table 2 .
As shown in Fig. 9 , the reflection coefficients of multibeam ME-dipole subarray without the beamforming network are less than −12 dB over the frequency band between 32 and 40 GHz. In addition, the simulated mutual coupling between the antenna elements is smaller than −18 dB across the operating band.
The simulated normalized radiation pattern of the 2 × 2 multi-beam ME-dipole subarray when Port 1 of the beamforming network is excited is depicted in Fig. 10 . Taking the advantage of the ME-dipole antenna, the radiation pattern of the subarray is stable over the operating band and the shapes of the radiation pattern in the xoz-and yoz-planes are almost consistent with each other. Furthermore, it is seen that the direction of the tilted main beam is ϕ = 135 • in the xoy-plane and θ = 20 • in the vertical plane. Therefore, the gain in the xoz-or yoz-plane is about 3 dB lower than the maximum gain of the array in the plane of ϕ = 135 • . Besides, the sidelobe level gradually increases with the frequency due to the relatively large element spacing in comparison with the operating wavelength.
For the sake of better explore the multi-beam features of the proposed subarray and its possible applications in the design of the subarray-level multi-beam array with a larger size, the contour of the four 4-dB radiation beams generated by the subarray are illustrated in Fig. 11 , which can almost cover the angular range of θ < 36 • . Based on the above results, an 8 × 8 ME-dipole array consisting of 16 subarrays is then simulated. As depicted in Fig. 11 , by feeding all input ports 1 of the subarrays with the equal magnitude and proper phase differences, the radiation beam of the 8 × 8 array can scan within the contour of the 4-dB radiation beam successfully, which demonstrates the feasibility to realize the subarraylevel multi-beam array. Clearly, the beam scanning in the contour of the other three 4-dB radiation beams can also be achieved when the other input ports of the subarrays are excited.
IV. MEASUREMENT AND DICUSSION
A prototype shown in Fig. 12 was printed by utilizing the commercial metallic 3D printing technology for verifying the performance of the proposed 2 × 2 multibeam subarray. The printing material is the aluminium alloy AlSi10Mg powder, which has been used in previous works [18] - [20] because of its satisfying conductivity and convenience of fabrication. The ports that are not under test are connected to the waveguide matching loads. An Agilent Network Analyzer E8361A with two ports was utilized to measure the S-parameters of the subarray. The radiation characteristics were tested in a far-field anechoic chamber. The gain of the subarray was obtained by comparing with a Kaband standard horn.
A. S-PARAMETERS
The measured |S 11 | of the subarray agrees well with the simulated results as shown in Fig. 13 (a) . Both the measured and simulated impedance bandwidth are wider than 20% (from 32 to 39 GHz) for |S 11 | of less than −10 dB, which demonstrates the wideband features of the proposed design. Furthermore, the measured and simulated isolations between Port 1 and the other three ports are in promising agreement as well. The measured |S 21 | and |S 41 | are nearly below −15 dB over the operating band, while the measured |S 31 | is about −10 dB. The slight difference between the measured and simulated results is mainly caused by the printing tolerance of the radiating elements. It is noted that the S-parameters of the other three ports are similar with the results of Port 1 because of the symmetrical geometry of the subarray. is stable throughout the whole operating band. The cross polarization is less than −20 dB in the two orthogonal planes. Besides, benefitted from the good radiation characteristics of the ME-dipole antennas, the backward radiation of the subarray is almost less than −20 dB as well.
B. RADIATION PATTERN
C. GAIN AND EFFICIENCY
The measured and simulated gain results of the subarray in the xoz-and yoz-planes are exhibited in Fig. 15 with good agreement. The measured gain in the xoz-plane is up to 11.7 dBi with a variation of less than 2.1 dB over the operating band between 32 and 39 GHz, while the one in the yoz-plane is up to 12.1 dBi with a variation of less than 2.6 dB. Moreover, due to the tilted radiation beam, the maximum gain of the subarray is not same with the gain in the two orthogonal planes and thus the measured results are not available. However, as the measured gain and radiation pattern in the xoz-and yoz-planes agrees well with the simulated ones, it would be reasonable to estimate that the maximum gain of the subarray is close to the simulated value of around 14 dBi across the operating band.
Furthermore, the simulated maximum directivity of the subarray is almost same with the maximum gain, which indicates a simulated radiation efficiency of close to 100%. Considering that the measured gain in the yoz-plane is about 0.6 dB lower than the simulated one at the center frequency, the estimated radiation efficiency of the fabricated prototype should be around 87%. The decrease in the radiation efficiency can be mainly attributed to the additional metallic loss that is not easy to calculate accurately in the simulation.
D. COMPARISON AND DISCUSSION
The crucial operating characteristics and the geometric features of the proposed and reported millimeter-wave multibeam antenna arrays with the size of 2 × 2 are summarized in Table 3 for a comparison. All the previous works are substrate integrated by using the PCB facilities. The sizes of the beamforming networks in [12] and [13] are much larger than the array aperture. The size of the multilayered beamforming network in [23] has been miniaturized significantly, but its dimension is still close to 3λ 0 . Benefitted from the degree of free in the array design offered by the 3D printing technique, a size of 1.9 × 1.6 λ 2 0 is obtained by the presented subarray, which makes the design of the subarray-level multibeam array possible. It is noted that although the thickness of this work is larger than those of the reported substrateintegrated arrays, it should be still acceptable for the practical millimeter-wave base station applications.
In terms of the bandwidth, due to the wideband performance of the aperture-coupled ME-dipole elements, the operating bandwidth of about 20% can be achieved by the array in [13] and this work, which has superiority in comparison with the counterparts in [12] and [23] . More importantly, as the dielectric loss is prevented completely in the proposed beamforming network composed of the air-filled waveguides, a remarkable improvement in the radiation efficiency can be observed in this work. As a result, the 3D printed multi-beam subarray has the gain of about 1 dB higher than the reported results.
V. CONCLUSION
A 2 × 2 two-dimensional multi-beam magneto-electric dipole antenna subarray with a metallic geometry has been proposed and investigated in the Ka-band by applying the 3D printing technique. With the use of the merit of realizing the 3D structures flexibly, the folded beamforming network with a miniaturized planar size that is equal to the array aperture can be fulfilled successfully. The air-filled waveguide beamforming network with low loss is also helpful to enhance the radiation efficiency of the subarray. The printed prototype confirms the wide operating bandwidth of 20%, the stable two-dimensional multi-beam radiation, and the radiation efficiency of about 87% experimentally. The proposed 3D printed multi-beam subarray can be utilized for designing the sub-array level beam tuning array with a large size, which is valuable to the millimeter-wave multiple-input multipleoutput applications. 
